A ll-optical control of the insulator-metal transition (IMT) in correlated electron systems 1 remains a coveted route towards functionally reconfigurable materials 2 . Whereas transient photoinduced phase transitions can expose interactions among competing orders in complex systems 3 , persistent all-optical and reversible switching is also desirable for on-demand functionalities 4 . For example, the colossal magnetoresistive manganites (AE 1 − x RE x MnO 3 ; AE, alkali earth; RE, rare earth) show magnetic and electronic properties that depend strongly on the microscopic geometrical configuration of the MnO 6 octahedral network 5-7 . This pliancy affords fertile ground for photoinduced manipulation of the equilibrium state 8,9 . In particular, the accompaniment of magnetism by spontaneous strain in La 1 − x Ca x MnO 3 (refs. 10,11 ) raises the possibility for interplay between strain-coupling (often termed 'coelasticity' 12 ) and the photoinduced IMT 13 . Here, we study a 26-nm-thick La 2/3 Ca 1/3 MnO 3 (LCMO) film on a NdGaO 3 (001) substrate 14 . Although first exhibiting a low-temperature IMT common to the bulk system at T ≈ 250 K, annealing the film in an oxygen environment improves coherent epitaxy to stabilize a persistent antiferromagnetic insulating (AFI) phase 14 . Strikingly, insulating LCMO films prepared by this protocol show extreme susceptibility to ultrashort pulsed laser excitation (<200 fs), driving a persistent phase transition into a metallic state 13 . The IMT in rare-earth manganites is commonly accompanied by ferromagnetic order, but persistent photoinduced magnetism in LCMO awaits direct experimental confirmation. Moreover, the reversibility and stability of this photoinduced phase remain unexplored at the nanometre length scales characteristic of phase separation in manganites 15-18 -a phenomenon underlying colossal magnetoresistance. In this work we demonstrate how inherent strain-coupling of the photoinduced IMT in an epitaxial manganite explains the metastability of the transition, a tendency towards textured phase coexistence and reversibility through spatially selective delivery of nanoscale strain.
Multi-messenger nanoprobes of hidden magnetic metal
To investigate the photoinduced IMT at the nanoscale, we make use of cryogenic scattering-type scanning near-field optical microscopy (cryo-SNOM). In this atomic force microscope (AFM)-based imaging technique, the infrared scattering signal S registered by SNOM affords a 10 nm-resolved probe of metallic ('Drude') conductivity (see Methods). In the case of LCMO films, S provides a nearly proportionate measure of the mid-infrared optical conductivity (see Supplementary Information) . Meanwhile, magnetic force microscopy (MFM) provides a nano-resolved probe of local magnetism 15, 19, 20 . Using a magnetic near-field probe, we combine both SNOM and MFM modalities for collocated multi-messenger imaging of nanoscale magnetic and optical properties across the IMT.
We first elucidate the nature of the 'hidden' phases in strained LCMO by presenting correlative SNOM and MFM measurements at temperatures T < 240 K where the bulk system displays a ferromagnetic metal (FMM) ground state. Figure 1a presents the AFM topography at T = 96 K of a film region featuring a pair of crossed cracks, which appear as a dark 'trough' and a faint step (highlighted by a dashed white line). Figure 1b presents the corresponding SNOM image: bright yellow signifies a SNOM signal S indicating a strong metallic response, whereas dark blue reflects the insulating response of the AFI ground state. Evidently, the cracks locally restore a metallic phase with ferromagnetism identifiable by MFM ( Fig. 1c ). Although the FMM remains localized to these cracks, its magnetic moment and metallicity survive up to T = 250 K, vanishing monotonically with increasing temperature, much like the conventional FMM of bulk LCMO (see Supplementary Information) . Figure 1b ,c also resolve faintly metallic ferromagnetic domains ~90 nm in size and revealing a striped texture aligned perpendicular to the LCMO b axis 20 . This latter behaviour contrasts with the insulator-metal coexistence we observe in partially annealed LCMO films below T = 100 K, as well as the full metallicity detected in incoherently strained films 14, 21 (nano-imaging of additional films is presented in the Supplementary Information).
Having explored the equilibrium state of our strained film, we now examine the photoinduced IMT with nanoscale resolution. After illuminating the sample with a controlled number of 130 fs pulses from a 1.5 eV laser ( Fig. 1d ; see Methods), we conducted local SNOM and MFM imaging to resolve the spatial extent of the photoinduced transition. Figure 1e presents SNOM images of local metallicity induced by a sequence of excitation pulses at powers of 5, 15 and 30 μW corresponding to fluences of ~1, 3 and 5 mJ cm −2 delivered to the sample at T = 70 K at focused excitation spots marked by dashed ovals. Here, a progression of metallicity and magnetism ( Fig.1f ) results from increased fluence. We find that a threshold excitation power of 5 μW (fluence of ~1 mJ cm −2 ) is necessary to achieve any photoinduced change, resulting only in the formation topography acquired by AFM, revealing a crack in the LCMO film as a well as a subtle step feature identified as a secondary crack (dashed white line). b,c, SNOM imaging at T = 96 K (b), revealing metallicity localized within 100 nm of these cracks (the indicated crystallographic axes apply to a-c), together with ferromagnetism observed by MFM (c), resolved by shifts in resonance frequency of the cantilevered MFM probe (light/dark contrasts registered across each crack associate with 'fringe' magnetic fields from the in-plane magnetic moment). Faint ferromagnetic metal puddles are observed scattered through the bulk of the film, aligned roughly along the film b axis. Met., metallic; Ins., insulating. d, Photoexcitation pulses of 1.5 eV are delivered at oblique incidence to the LCMO within the cryogenic SNOM and infrared light (shaded red) scattered from the SNOM probe maps the local optical conductivity, coloured as in b. e, SNOM imaging of metallicity photoinduced at T = 70 K by a train of 1.5 eV optical pulses delivered from a Ti:sapphire laser at incremental power levels (5, 15 and 30 μW) to sample locations indicated by dashed white ovals. f, Maps of the associated photoinduced magnetization acquired by simultaneous MFM, showing formation of single domain magnetism with excitation power of ≥15 μW. g,h, Local metallicity (g) and magnetization of metallic domains photoinduced by incremental optical pulses delivered at 20 and 40 μW (h); photoinduced domains are labelled by the number of cumulative pulses. i,j, Dependence of the overall metallic domain area (i) and average metallicity (j) on the number of delivered pulses, demonstrating cumulative growth up to a saturated size (after ~16 pulses) that scales with fluence; 40 μW photoexcitation impairs the metallicity due to thermal re-entry of the insulating phase (see text); lines are guides to the eye. of sparse disconnected stripe-like domains, with a weak and disordered magnetic response ( Fig. 1e , leftmost panel), similar to those isolated domains in Fig. 1b . Meanwhile, an excitation power of 15 μW (~3 mJ cm −2 ) triggers a larger (~10 μm) FMM domain, whose weakly metallic edges remain magnetically disordered. Finally, 30 μW excitation produces a uniform metallic domain whose shape repeats the spatial profile of the excitation field ( Fig. 1e , rightmost panel). These bona fide metastable photoexcited domains persist indefinitely at this temperature. The outer boundaries of uniformly magnetized domains are 'sharp' for photoexcitation at temperatures below 60 K (see Supplementary Information) , whereas a striped boundary texture emerges at temperatures exceeding 70 K ( Fig. 1e ,f). As we will show, this unique texture is an intrinsic feature of the photoinduced phase at elevated temperatures.
The images in Fig. 1e -j reveal the hidden photoinduced state achieved through excitation with a train of ~1,000 laser pulses. Meanwhile, to unveil pulse-to-pulse progression of the photoinduced IMT, we also examine incremental stimulation from discrete laser pulses. Figure 1g visualizes the metallicity of photoinduced domains produced by an increasing number of sequential laser pulses at 20 μW (top row of panel), complemented by simultaneously acquired magnetization maps in Fig. 1h . The optical pulses drive a cumulative growth in both domain size as well as overall metallicity ( Fig. 1i ,j). Meanwhile, higher fluence (~8 mJ cm −2 at 40 μW power; bottom rows, Fig. 1g ,h) induces more immediate growth of metallic domains to a saturated size roughly double that achieved at 4 mJ cm −2 . Combined with our nano-imaging of FMM re-emerging at cracks, we witness four aspects of the hidden ferromagnetic metal: (1) application or release of epitaxial strain controls the stability of the FMM state at the nanoscale; (2) the maximum size of photoinduced FMM domains is set by the sample area exposed to excitation optical field fluence exceeding a critical field intensity E crit 2 ; (3) growth in both size and metallicity of domains is self-assisted, in that incremental laser pulses achieve a cumulative switching efficiency; (4) excitation at sufficiently high fluence (for example, 8 mJ cm −2 ) impairs the metallicity of domains, as shown in Fig. 1i ,j for more than 10 pulses. All these phenomena can be understood within a Ginzburg-Landau (GL) theory, revealing that engineered strain plays a key role both for the surprising metastability of phases in epitaxial LCMO and for the photoexcitation susceptibility of the hidden ferromagnetic metal.
theoretical description of the strain-coupled transition
To clarify interplay between epitaxial strain and the hidden FMM, we performed density functional theory (DFT) calculations 22 (DFT+U; see Methods). Biaxial strain is expected to impart enhanced Q 2 Jahn-Teller distortion to MnO 6 octahedra of the LCMO lattice ( Fig. 2c) 23 , thus reducing the electronic bandwidth and enhancing the influence of electronic correlations to promote a bandgap 18, [24] [25] [26] . Accordingly, Fig. 2d presents electronic structure calculations of the strained lattice, revealing that the AFI phase with >100 meV charge gap attains lower energy than the ferromagnetic phase when tensile b-axis strain exceeds a critical threshold analogous to the experimental condition (see Supplementary Information). These competing phases stabilize lattice configurations with markedly distinct Q 2 distortions. Although these lattice configurations remain to be confirmed experimentally, application or relief of strain is expected to enable transitions between the AFI and FMM phases dressed by a first-order lattice transition (see Supplementary Information for further details).
Our ab initio calculations contextualize the emergence of nanoscale FMM at cracks in the film ( Fig. 2a ) by considering the local relief of epitaxial strain. Figure 2b presents a finite element simulation (see Methods) of the strain distribution at a crack, showing that tensile epitaxial strain along the manganite b axis is locally relieved at the location of a crack (dashed line) in proximity of a few film thicknesses (~50 nm), as highlighted by the coloured profile. This simulation accords with our SNOM and MFM measurements that resolve the restored FMM phase in the vicinity of these cracks, thus linking local stability of the AFI ground state to the nanoscale strain. Combined with this simulation, our ab initio results imply that epitaxial strain suppresses ferromagnetism by promoting Q 2 Jahn-Teller distortion to strain-stabilize an AFI ground state.
These findings motivate a GL theory to explain the relative stability and photosusceptibility of magnetic phases in LCMO (see Methods). Landau theories previously applied to manganites have considered the amplitude and phase of the charge order of the insulating state together with the ferromagnetic moment of the metallic state as relevant degrees of freedom 13, 27 . Informed by our ab initio results, we developed a strain-coupled GL theory associating the Jahn-Teller distorted insulator and FMM phases with order parameters Q and M, respectively (see Methods). Figure 3a depicts the free energy density applicable to our coherently strained LCMO. Minima in this surface correspond with metastable AFI
phases and, under sufficient epitaxial strain, our GL theory predicts emergence of the former phase as the thermally accessible ground state. Meanwhile, differences in Mn-e g orbital occupation between AFI and FMM phases obtained by our ab initio calculations ( Fig. 2d and Supplementary Information) suggest an optically triggered phase transition resulting from collective redistribution of electrons within a unique orbital manifold 13 . Here pulsed laser excitation tuned to the intersite Mn-e g transition may delocalize charge-ordered carriers, triggering momentary disordering of the Q j j ¼ Q 0 I state. The efficiency of photoexcitation depends sensitively on the free energy barrier between FMM and AFI points of stability ( Fig.3a,c) , prompting the critical fluence threshold for the photoinduced IMT in Fig.1e ,f. In accord with our ab initio results, coupling between Q and the local strain field ε (see Methods) necessarily dresses the IMT with an abrupt change in MnO 6 configuration, the signature of a discontinuous strain-coupled transition 12 . Our model thus reveals the energy barrier for this transition is highly sensitive to local strain, with profound ramifications for the growth in both size and metallicity of photoinduced domains under incremental laser pulses in Fig. 1g ,h, as we now demonstrate. Figure 3b presents the result of a phase-field simulation of a metastable metallic domain minimizing the strain-coupled GL free energy density (equations (1) and (2) in the Methods; see Supplementary Information for details). The top panel depicts metallic regions (Q = 0) in yellow and insulating regions Q j j ¼ Q 0 ð Þ I in blue, and the bottom panel presents the self-consistently computed spatially resolved elastic energy difference between insulating and metallic phases (see Methods and Supplementary Information). Figure 3b implies that localized accommodation strain around FMM domains can locally (1) counteract the influence of epitaxial strain, (2) raise elastic energy associated with the AFI phase and (3) dynamically reduce the energy barrier for a photoinduced phase transition. Figure 3c presents the total free energy density at a sequence of local strain environments approaching the metallic domain from the outside (blue to red); these calculations show a 'softening' of AFI stability reminiscent of the strain relief at cracks discussed earlier. Strain-coupling of the IMT can thus explain the growth in size and metallicity of sequentially photoexcited domains resolved here at the nanoscale: domain formation co-actively reduces elastic barriers to subsequent photoexcitation of the FMM phase through localized relief of epitaxial strain energy near insulator-metal boundaries (blue, Fig. 3c ). Assuming merely that photoexcitation above a critical field intensity E crit 2 can overcome the initial energy barrier between FMM and AFI phases, Fig. 3d presents a simulation of self-consistent FMM domain growth under incremental photoexcitation at E crit and 2E crit subject to the realistic accommodation strain field of Fig. 3c , within the area of the photoexcitation spot (see Supplementary Information for details of the model). Alternative simulations assuming, for example, a longrange magnetic dipole field originating from the volume of the FMM domain (coupling to M at an energy scale comparable to the insulator-metal energy barrier) provide inferior comparisons to the experimental data ( Fig. 1i ). We thus summarize the main features of our ab initio informed GL analysis: whereas AFI and FMM phases are co-stabilized by epitaxial strain, the energy barrier for restoring the metallic phase through photoexcitation is sensitive to the local strain environment, with fundamental consequences for the stability and co-active growth of photoinduced magnetic domains in strained LCMO.
thermal melting of the photoinduced ferromagnetic metal
The reduction of metallicity among photoinduced domains excited at sufficiently high fluence (for example, 8 mJ cm −2 ; Fig. 1g ,h) hints at thermal 'melting' of the hidden FM order. To directly resolve the thermal melting transition, we performed nano-imaging of a large (90 × 90 μm 2 ) domain 'written' at T = 70 K with an optimal excitation power of 30 μW. Figure 4a ,b presents thermal evolution of metallicity and magnetization for the photoinduced phase within a large (40 × 40 μm 2 ) field of view close to the edge of the written domain. Metallicity first weakens at T = 92 K, giving way at 94 K to abundant electronic phase coexistence, a hallmark of colossal magnetoresistance 18 . The striped domains of 'melted' FMM resemble the broken metallicity observed within metallic domains (Fig. 1g ) photoinduced at high fluence (8 mJ cm −2 ), which evidently were photo-thermalized into an inhomogeneous state above T = 92 K with coexisting AFI and FM phases. Moreover, the striped domain texture in Fig. 4c resembles that observed in Fig. 1e ,f, suggesting an underlying physical origin with similarity to textures uncovered amidst IMTs of other transition metal oxides, such as V 2 O 3 (ref. 28 ) and VO 2 (ref. 29 ). For comparison, Fig. 4d presents a real-space simulation for the spontaneous distribution of insulator and metal phases, according to our GL theory, close to the melting transition at T T * Q I (for details see Supplementary Information) . In particular, metallic stripes oriented perpendicular to the LCMO b axis along with a characteristic stripe periodicity ξ reflect anisotropy in the long-range spontaneous strain associated with the IMT (see Methods and details in the Supplementary Information). The remarkable real-space texture identified here is intrinsic to the photoinduced metallic phase at elevated temperature in strained LCMO.
The correlative SNOM and MFM images in Fig. 4 afford an unprecedented opportunity to locally track the magnetism and metallicity of the hidden FMM during its re-entrant metal-insulator transition. Figure 4e resolves the overall phase transition through a histogram representation of SNOM signals S (metallic optical conductivity) 28 , relative to that of the insulating state. Although these histograms are bimodal, clearly distinguishing insulator from metal, they also show an abrupt drop in metallicity upon thermal re-entry to the AFI phase at T M ≈ 110 K. To clarify this behaviour, Fig. 4f displays evolution of the average metallic conductivity and magnetization upon melting the photoinduced metal, as compared with those properties of the strain-relieved metal identified from nano-imaging of cracks ( Fig. 1a-c ; for all images see Supplementary Information ). For the strain-relieved FMM phase, metallic conductivity (measured as ΔS = S met − S ins ) and magnetism M decrease gradually with increasing temperature up to the Curie point of T M ≈ 250 K, in perfect accordance with the 'mean field' scenario described by ΔS / M / ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi T � T M p I (black curve), as expected for 'bulk' LCMO 14 . These findings are consistent with our GL theory in the absence of strain (see Methods) and are fully compatible with the 'double-exchange' mechanism of ferromagnetic conductivity in manganites 30 . In stark contrast, the hidden photoinduced FMM shows a regime of phase coexistence (indicated by coloured shading) and an evidently abrupt first-order melting transition characterized by an immense renormalization of the Curie temperature down to T M ≈ 110 K. We attribute this reduction to likely Jahn-Teller distortions under the biaxial epitaxial strain 31 , indicating magnetostriction potentially exceeding that in the literature 32 . Figure 4g details the melting transition by identifying classes of pixels behaving similarly by virtue of their characteristic 'transition temperature' T c , defined as that where metallicity measured by SNOM reduces to half the full FMM value. We present the thermal evolution of different regions of the film in a phase space of metallic response S and magnetic moment M. The traces in Fig. 4f (smooth curves are guides to the eye) are colour-coded to characteristic values of T c ranging from ~90 K to ~100 K, between which the scaling of magnetic moment to metallicity is found to vary widely, in conflict with the simplest paradigm of double-exchange metallic conductivity 30 . Whereas FMM regions persisting to high T c (~97 K) show a continuous commensurate decrease in both metallicity and magnetization, those with lower T c (~89 K) present a rapid drop in optical conductivity preceding the magnetic transition. We propose that spatial variations in electron-phonon coupling 33 associated with textures of accommodation strain might account for these variations. Meanwhile, the remarkable coexistence of first-order and continuous insulator-metal transitions identified here in the same sample parallels results for a closely related perovskite oxide 34 , highlighting how strain can also be leveraged as a 'coupled order parameter' to tune fundamental features of the IMT.
Nanoscale erasure of the photoinduced ferromagnetic metal
The hallmark feature of strain-coupled ferro-and coelastic transitions is the possibility to selectively trigger an abrupt transformation through external stress 35, 36 . Here we demonstrate this feature for the IMT among photoinduced FMM domains, thus establishing complete functional reconfigurability of the electronic and magnetic state of LCMO with nanoscale finesse. Because we predict distinct MnO 6 octahedral configurations for the strain-controlled FMM and AFI states explored here (Fig. 2c) , we examined the effect of compressive c-axis stress σ tip cc I applied from the tip of our cantilevered AFM probe to the photoinduced FMM phase. By the sizable Poisson effect in thin-film manganites, we expect σ tip cc I to impart tensile strain into the a-b plane at ~40% efficiency 37 , with potential to destabilize the FMM, especially in the vicinity of T M (Fig. 4a,b ). . c, relief of epitaxial strain co-actively reduces energy barriers for transitions into the FMM state, locally reducing the fluence threshold for photoinduced switching; curve colours correspond to spatial regions in the lower image of b. d, Simulations of co-active domain growth under incremental photoexcitation at fluence levels equal to and at twice the threshold field E crit for initial nucleation of a FMM domain. Sizes are referenced to the full-width at half maximum area A pulse of the photoexcitation field. Solid (dashed) lines consider long-range energetics originating only from accommodation strain (the FMM domain magnetic dipole field). Predictions from accommodation strain show superior agreement to observations (Fig. 1i ). Figure 5a presents SNOM imaging results for a photoinduced domain at T = 90 K before stress application, while Fig. 5b displays the outcome of 'writing' stress-by raster-scanning the sample in mechanical contact with the AFM probe-onto a selected region (dashed area) of FMM with three sequentially applied levels of stress delivered by our probe (stress calibration is discussed in the Methods). The FMM phase suffers a decrease in metallicity at σ tip cc 125 I MPa, whereas 250 MPa locally induces a large domain of re-entrant AFI phase. At σ tip cc 500 I MPa the FMM phase is almost entirely 'erased' , leaving behind isolated puddles of remnant metallicity. Here, peak compressive stress within the film exceeds 2 GPa (see Supplementary Information) and imparts b-axis tensile strain comparable to its epitaxial value. Our GL description (see Methods) predicts that such externally imposed strain is sufficient to completely destabilize the FMM phase through a strain-induced effect converse to that shown in Fig. 3c . Here, c-axis stress putatively acts in concert with epitaxial strain, reducing the energy barrier otherwise stabilizing metallicity against decay into a lower energy insulator, thereby triggering an abrupt transition to the equilibrium AFI state (see Supplementary Information) . Accordingly, we find that σ tip cc 500 I MPa can consistently and reversibly (see Supplementary Information) erase the FMM phase with <500 nm-resolved finesse, as demonstrated in Fig. 5c via three consecutive 'erasures' (dashed white regions). Concurrent MFM imaging (Fig. 5d ) confirms that ferromagnetism is similarly erased with submicrometre control. In a parallel study, we ruled out any irreversible damage to the film from our 'erasure' method (see Supplementary Information) . Given the already observed reduction in Curie temperature of the photoinduced metal associated with epitaxial strain, we speculate that external stress from the AFM probe may also destabilize the FMM phase through magnetostriction. The predicted Q 3 Jahn-Teller distortion in the AFI phase (see Supplementary Information) may also play a role in triggering this selective metal-insulator transition.
Outlook
Our results demonstrate an unprecedented multi-messenger nanoprobe for interrogating metastable photoinduced phase transitions with nanoscale selectivity, thus mapping hidden regimes of electronic and magnetic phase coexistence in strained La 2/3 Ca 1/3 MnO 3 that are otherwise inscrutable to conventional bulk probes. The unique reversal pathway established here for the magnetic transition in La 2/3 Ca 1/3 MO 3 excels in spatial selectivity and inspires a new paradigm for complete optoelastic control over magnetism. Consistent with our ab initio results and GL description, Fig. 5e Fig. 4 | thermal melting of the photoinduced ferromagnetic metal. a, Thermal evolution of metallicity imaged by SNOM (signal S in false colour relative to S ins of the insulator) in a large (~100 × 100 μm) metallic domain photoinduced at 70 K; phase coexistence with the re-entrant insulating phase sets in at T > 90 K, whereas the photoinduced metal vanishes almost completely by 110 K. met., metallic; ins., insulating. b, Simultaneously acquired MFM map of magnetism associated with the melting transition. c, SNOM image at T = 94 K detailing the striped pattern of phase coexistence. The emergence of a characteristic periodic length scale ξ is the hallmark of a strain-coupled insulator-metal transition (see text). d, Phase-field simulation of filamentary domain patterns during the first-order melting transition predicted by GL theory; metal and insulator phases are in green and blue, respectively. e, Histogram representation of temperature-dependent SNOM signals S from a, showing a weakly bimodal distribution distinguishing metal (S > 1) from insulator (S ≈ 1) but with a continuous reduction in metallicity with T (colour-coded) approaching the melting transition. f, Comparative thermal evolution of optical conductivity, ΔS (nano-infrared signal relative to the insulator; red), and magnetization M (∝−Δf; blue) for the photoinduced and strain-relieved FMM phases (solid and dashed curves, respectively); the latter is well described by mean field temperature dependence. The regime of phase coexistence with photoinduced FMM is colour-highlighted as in e. g, Simultaneous thermal evolution of metallic response S and magnetization M represented by several parametric curves associated with regions of photoinduced FMM presenting 'critical' temperatures T c (defined by a half-reduction in metallicity, see text) ranging from 89 K to 97 K; sample temperatures are colour-coded as in e. The scaling of magnetization with metallic conductivity is strongly heterogeneous. establishes a heuristic phase diagram summarizing our findings for the insulator-metal transition in strained LCMO. Nano-imaging of additional films associated with strains/temperatures marked by the grey symbols are presented in the Supplementary Information. Our nano-imaging results map how the limits of thermodynamic stability for the hidden photoinduced metal are defined by (1) temperature, (2) photoexcitation fluence and (3) epitaxial/external strain, revealing how the co-active interplay of these factors underlies our spatially selective control over both magnetism and metallicity. Our ab initio prediction of an insulating phase stabilized at critical strains exceeding the epitaxial strain condition motivates future studies addressing the importance of the film-substrate interface and charge ordering. Nevertheless, our GL description is generalizable, and should inform future design principles for functional devices that leverage complete, non-volatile and reversible photoelastic switching of the IMT in correlated electron materials-particularly in similarly strained manganite films possessing a higher 'intrinsic' Curie temperature such as La 2/3 Sr 1/3 MnO 3 or La 2/3 Ba 1/3 MnO 3 (ref. 18 ).
Our low-temperature nano-imaging methodology may enable precise manipulation and spectroscopic interrogation of local Met.
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Epitaxial strain ε ep and in-plane epitaxial strain (increasing 'into the page'). Grey-shaded pentagons indicate strains/temperatures at which additional LCMO films were characterized by nano-imaging (see Supplementary Information) without photoexcitation. Coloured two-dimensional planes through the phase diagram indicate regimes for stabilized metallic phase (solid yellow), insulating phase (solid blue) and their relative coexistence (textured green). Photoexcitation at 1.5 eV above 1 mJ cm −2 and up to 8 mJ cm −2 restores variants of the hidden ferromagnetic metal, whereas co-active strain (upward blue/red arrow; see text) softens the switching threshold (dashed curves informed by GL theory). Near the hidden metal's Curie temperature T M , c-axis stress (for example, σ tip cc I , downwards red/blue arrow) locally restores insulating end states, indicated by the coloured circles coinciding with labels in b. electronic properties among hidden phases beyond the strained ferromagnetic metal studied here. With extension of available light sources for SNOM, we envision probing the lattice directly through optical phonon-resolved nano-imaging 38 . Moreover, our work motivates immediate extension of cryogenic SNOM for nano-resolved investigations of photoinduced phase transitions in other fundamental correlated electron materials, including Mott insulators 39 , transition metal chalcogenides 40 and superconductors 41 .
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